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Impact of ionizing radiation
on the properties of a hydrobiodegradable
aliphatic-aromatic copolyester
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Abstract. This paper presents the results of the studies on changes of selected quality parameters of hydrobiodegrad-
able aliphatic-aromatic copolyester (AAC). Radiation treatment was performed at the Institute of Nuclear Chemistry
and Technology in Warsaw, using cobalt gamma-ray sources “Issledovatel” (dose rate 0.389 Gy/h) and “GC 5000”
(8.5 Gy/h). The material was subjected to the impact of radiation doses of 5, 10, 20 and 40 kGy. Selected parameters of
the packaging material, important from the standpoint of a potential application, have been studied: gaseous products
of radiolysis, strength parameters in accordance with PN EN ISO 527-3, global migration PN-EN-1186-1:2002, FT-IR
analysis using PCA method, contact angle measurement using the drop shape method. The results have demonstrated
that there is no significant influence of ionizing radiation on AAC film parameters. Correlation between doses applied
and values of measurements has not been found.
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Introduction

One of the main factors determining the market success
of the product is its packaging — it ensures the quality
parameters on the way from the production line down
to the consumer, and it is one of the most important
marketing tools [1, 4]. In case of the products sterilized
with ionizing radiation, the packaging is an integral
part of the technology. Currently, the radiation ster-
ilization uses industrial sources of radiation such as:
electron, gamma and X-ray. It is worth mentioning,
in the year of celebrations of the 100th anniversary of
Maria Skfodowska-Curie’s Chemistry Nobel Prize, that
she published the first paper on the impact of X-rays
on bacteria. In this scope, it can be concluded that
this scientist was a precursor of radiation sterilization
methods.

Radiation sterilization has found application for
medical devices, food, herbs and spices, surgical im-
plants, pharmaceuticals and cosmetics [2]. The origi-
nality of using radiation to battle the pathogens is that
the material is sterilized in the entire volume at room
temperature and packed, while eliminating the risk of
secondary contamination.

The maintenance of the specific product character-
istics, given in the process of radiation and protection
against secondary contamination requires using of an
appropriate packaging, which must also meet the re-
quirements of the radiation treatment. In addition to
ionizing radiation resistance, the packaging should not
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have harmful effects on the packaged product, which
is especially important for food packaging, medical
equipment and materials. The basic requirements for
packaging under the influence of radiation are: main-
taining the required mechanical performance, lack or
keeping within an acceptable range the migration of
chemicals, and maintaining the aesthetic qualities (e.g.
dyeing, printing, transparency).

From the environmental point of view, packagings
are the least effective form of use of plastics. A short
shelf life and the vast mass of packaging lead to rapid ex-
ploitation of fossil fuel stocks, especially oil and natural
gas. The diversity of composition and form of packaging,
the presence of impurities and economic conditions,
make the packaging waste management one of the most
serious problems of modern civilization.

The connection of two modern technologies in
one product: radiation preservation and biodegradable
packaging, involves the possibility of creating a modern,
innovative product that will provide high quality and
health safety for the consumer, with a low environmen-
tal impact of packaging waste. Such a combination could
be an interesting alternative for the growing group of
consumers, who value high quality product, while being
environmental friendly.

Prior to consider specific applications of the packag-
ing material, is to understand its behaviour under the
influence of ionizing radiation, in particular changes in
the characteristics, essential from the packaging point
of view, depending on: radiation dose, source used and
process parameters.

The combination of knowledge, experience and
research effort of specialists in the field of radiation
treatment and packaging science, allows for compre-
hensive evaluation of the test material for a potential
application of real products packaging.

For this purpose, the results of typical packaging
materials tests with the results of chemical analysis of
gaseous products of radiolysis were compared. The lat-
ter, based on previous knowledge in the field of polymer
radiation chemistry, allow to preevaluate the radiation
resistance of polymer material.

Materials tested

The subject of the research was a film based on ali-
phatic-aromatic copolyester (AAC) provided by Cortec
Company. It is fully biodegradable according to DIN
EN 13432:2000-12 standards. The film tested was hazy
white, with a thickness of 0.076 mm and a density of
1.2-1.5 g/em’.

The aromatic compounds exhibit exceptional re-
sistance to ionizing radiation. For example, the capac-
ity of hydrogen emitted from polypropylene during
radiation process is about 100 times smaller than that
of polystyrene. In addition, the protective effect of aro-
matic compounds in radiation organic chemistry is well
known. Aromatic rings, through the phenomenon of
energy and charge transfer, are able to dissipate part of
the radiation energy absorbed by the adjacent aliphatic
mers. Based on the literature data and our previous
experience, a relatively good radiation resistance of
AAC is expected.

Sample irradiation

The irradiation process was conducted at the Institute of
Nuclear Chemistry and Technology (INCT) in Warsaw.
Samples to test mechanical properties were irradiated
in a gamma radiation source GC 5000 of Indian produc-
tion with a dose rate of 8.5 kGy/h. In order to compare
the impact of dose on the effects of post radiation
oxidation, the film had been additionally exposed to
cobalt source of gamma radiation — Issledovatel — with
a dose rate of 0.389 kGy/h and the electron beam ac-
celerated by a linear electron accelerator of Russian
production of “Elektronika” 10/10 with an energy of
10 MeV and beam power of 10 kW. All the equipment
for radiation modification of materials are certified
by the Accredited Laboratory for Measurements of
Technological Doses.

In research, the following radiation doses have been
used: 0, 5, 10, 20 and 40 kGy. The selection of radia-
tion doses was derived from the radiation applications
described in the literature, stemming from legal regu-
lations as well as from the range of doses practically
applied [8].

The study of material properties
Performance of hydrogen release and oxidation

In the analysis of radiolysis gaseous products a Shi-
madzu 2014 gas chromatograph (made in Japan) was
used, with the extension of thermal conductivity detec-
tor (tcd-2014) and a column packed — molecular sieve
5 A. Using gas chromatography (GC), the performance
of evolved hydrogen (GH,) and absorbed oxygen (GO,)
were determined. Performance of hydrogen formed by
the ionizing radiation allows to assess the number of
originally generated macro-radicals. Loss of oxygen is
associated with the process of radiation-induced oxida-
tion of polymer material. The relationship between the
results of chromatographic analysis and the mechanical
properties of packaging material, subjected to radiation,
were studied.

Mechanical parameters

Basic strength parameters were determined for the film
samples, subjected to the radiation doses mentioned
above. These parameters decide about film’s possible
packaging applications. The parameters were: tensile
stress and elongation at break. The measurements were
based on PN-EN ISO 527:1998, using INSTRON 5565
tensile testing machine. The samples subjected to break
had a width of 15 and 50 mm working section. The speed
of the jaws was 200 mm/min.

Global migration

Mass measurement of the non-volatile substances,
migrating from the test material to the model solu-
tion, was made in accordance with the guidelines of
PN-EN-1186-1:2002 specification. Two contacting
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media as food simulants were used: water and ethyl
alcohol (96%). Simulation of contact with food prod-
ucts was performed by a 10-day full immersion at
40°C. Global migration was measured by weight, in
five replications.

Analysis of IR spectra with principal component
analysis (PCA) method

A series of spectra were performed using a Fou-
rier transform infrared spectrometers of Perkin Elmer
Spectrum 100. PCA analysis of the obtained spectra
was performed using the Unscrambler 9.7 program.
PCA is an initial method of exploratory analysis, which
allows the detection of a data structure. PCA is the
data size reducing method, which allows visualizing
the structure, while preserving maximum information
in a multidimensional data set [7].

Measurement of contact angle

The measurement of water contact angle for the films
tested has been carried out with a TRACKER device
(manufactured by I. T. Concept, France). Tested films
were placed under the camera, connected to a computer
and then a water drop was put using a syringe. To carry
out the test, ultra-pure water was used, obtained from
the ELGA PURELAB water purification system. The
measurement has been conducted in the environment
of 20°C.

Results and discussion
Chromatographic studies

As expected, the efficiency of hydrogen release
caused by ionizing radiation (0.025-0.028 mol/J)
is characteristic of the radiation-resistant polymers. For
example, for polyethylene, this value is estimated as
0.25-0.30 umol/J, depending on the type of material.
Figure 1 shows the dependence of GH, as a function of
radiation dose. GH, value is practically constant in the
range of doses tested (5-40 kGy) and changes a little
with increasing rate of radiation dose. Figure 3 shows
the dependence of the volume of hydrogen formed by
radiolysis of 1 g of polymer as a function of radiation
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Fig. 1. Radiation efficiency of hydrogen evolved GH,
(umol/J).

623
N 0,029 - X0,8kGylh ®85kGy/h Ael beam
5
« — 0,028
°c22
>0
o
5 i 0,027 -
(&)
EE o
o 2 0,026 -
©
2 0,025 4
o
0,024 . . . —
0 10 20 30 40

irradiation dose [kGy]

Fig. 2. Radiation efficiency of oxygen absorbed GO,
(umol/J).
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Fig. 3. The volume of hydrogen evolved (ul/g).
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Fig. 4. The volume of oxygen absorbed (ul/g).

dose. There is, however, a very significant impact of
dose rate on the process of after-radiation oxidation,
highlighted in size of oxygen absorbed by the film.
Figure 4 describes the dependence of the volume of
oxygen absorbed by 1 g of the polymer during irradiation
as a function of dose. This is clearly visible, especially
when compared to electron beam radiation treatment
and gamma radiation. High dose rate significantly re-
stricts the access of oxygen into the polymer by diffusion.
The slight decrease in the oxidation efficiency (Fig. 2)
with level of gamma radiation dose is connected with
a progressive consumption of oxygen in the bottle
with the polymer. Figure 4 shows the dependence of
efficiency of oxygen absorbed as a function of the dose
absorbed by 1 g of polymer.

For electron beam radiation dose, modification
and thus prolongation of irradiation slightly increases
the efficiency of oxidation. GH, measurements, inter-
mediate between the 0.025-0.029 values characteristic
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Fig. 5. Change of tensile stress as a function of radiation
dose.

of aromatic and aliphatic compounds, confirm the
presence of the protective effect. The extent of this
phenomenon depends on the relationship between the
mass participation of aromatic and aliphatic compounds
in the material and forms of their contact.

Mechanical properties

Transformation of the internal structure of the poly-
mer causes many changes in the parameters of irradi-
ated material. As far as packaging applications are
concerned, the mechanical parameters are extremely
important. For tested material, there were no changes
in breaking stress with increasing doses of radiation
(Fig. 5). In the range of radiation doses used, the ob-
served changes do not exceed 13% of the initial value.
It allows to use this film for wrapping of goods that need
radiation sterilization. Minor changes in this regard
make that no changes are required to the parameters of
the packaging and its design, in relation to the solutions
used for products which do not undergo irradiation.

Also, the flexibility of the polymer is connected
directly to its structure. The lowest dose used (5 kGy)
caused a small decrease in this parameter. For the radia-
tion doses of 20 and 40 kGy, there is a visible increase
in elongation at break, up to 30% higher compared to
non-irradiated samples (Table 1). This may indicate
that the gamma radiation cause cross-linking processes
rather than degradation in this film.

Significant changes are taking place in an identical
extent for the parameters measured in both directions,
suggesting a uniform effect of radiation on all elements
of the structure of the polymer, regardless of their lo-
cation and configuration. The direction and intensity
of the recorded changes demonstrates a strong simi-
larity to other biodegradable materials with similar
composition [5, 6].

Table 1. Elongation at break values for various radiation

doses
Dose Elongation at break (%)
(kGy) Machine direction  Transverse direction
0 91.35 + 46.00 76.23 = 12.68
5 41.47 £ 24.29 39.87 + 26.57
10 89.30 + 39.25 52.78 + 33.32
20 113.80 = 31.49 92.39 + 36.79
40 63.33 + 45.22 38.12 + 12.68
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Fig. 6. Global migration for doses tested.

Global migration

Results of global migration measurements demonstrate
no influence of ionizing radiation with the tested doses
on value of global migration to water (Fig. 6). Global
migration to ethanol of the tested material (both irradi-
ated and non-irradiated) is over the limit (10 mg/dm?).
Irradiation doses up to 20 kGy shows, however, lower
values that material irradiated with 40 kGy. This can
be explained by the cross-linking processes, occurring
with lower doses, which hinder the movement of low-
-molecular compounds. Although the global migration
to ethanol exceeds the limit contained in the Directive
[3], it does not disqualify the test material. In addition,
changes in the migration process demonstrate that the
dose range 5-40 kGy does not increase values of global
migration even with ethanol, a good solvent, with much
higher extraction capacity of the low molecular organic
compounds than most food products. This leads to the
conclusion that radiation of the test materials, used in
the experimental group, does not result in increased
migration.

Thus, materials with certificates allowing for contact
with food products in the field of migration may be a
sufficient guarantee for the safety of packaging material
in the above conditions.

IR analysis with principal component analysis (PCA)
method

PCA analysis was performed for IR spectra data, mea-
sured in the range from 4000 to 400 cm™. The charts
set by the first two components PC1 and PC2 are pre-
sented. A clear grouping of similar samples in terms of
structure of the whole spectrum can be observed, but
the distribution of points relative to the first component
PCl1 is not correlated with the dose of radiation (Fig. 7).
Therefore, it can be concluded that the magnitude of
change in the structure does not change proportionally
to the dose, which was confirmed by our other studies.
The first and second main component explained the
variability successively in 71 and 16%.

Measurement of surface contact angle

The wettability of solids plays a very important practi-
cal role in many industrial processes such as: apply-
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Fig. 7. Principal component analysis for AAC film before and after irradiation .

ing a protective coating, lubrication, adhesion, and
printing. This parameter is important in assessment of
the adhesive properties of polymers in the solid state
and in the analysis of the effects of surface layer modi-
fication of polymeric materials [9].

Changes in the polymer structure (confirmed by IR
spectra analysis and determination of the volume of
hydrogen evolved during exposure to radiation) suggest
that the major degradation changes in the non-polar hy-
drocarbon chain occur after 10 kGy irradiation, which is
also reflected by the increase in surface hydrophobicity

(Fig. 8).

Conclusions

The subject of the research was a film based on an ali-
phatic-aromatic copolyester (AAC) provided by Cortec
Company. The material was subjected to y-radiation,
coming from a cobalt bomb “Issledovatel”. Doses of
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Fig. 8. Contact angle measurement.

5, 10, 20 and 40 kGy were applied. Performance of
hydrogen release showed that GH, value is practically
constant in the range of doses tested. Results of basic
strength parameters showed no significant differences
in breaking stress values between both test directions.
Radiation used in the experiment does not result in
increased global migration. There is no evidence to limit
the contact of the test material subjected to exposure to
the above radiation doses with water or dry products. It
can be concluded that the magnitude of changes in the
structure does not change proportionally to the dose,
which was confirmed by other studies like principal com-
ponent analysis methods. PCA have determined that
the size and direction of changes in the material is not
dependent on the exposed dose as well as the changes
are not specific to just one area. Ionizing radiation
strongly affects the changes of the surface wettability.
Significant differences were observed in value of the test
material contact angle, however no correlation between
the contact angle and the dose was found.
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